ABSTRACT Triton-fractionated photosystem-I particles poised at -625 mV, where the two bound iron-sulfur proteins are reduced, have been studied by optical and electron paramagnetic resonance spectroscopies from 293 to 5 K. At 5-9 K, these particles exhibit two decay components with lifetimes of 1.3 and 130 msec in the laser pulse-induced absorption and electron paramagnetic resonance signal changes. Spectral properties of the 130-msec decay component reflect the charge separation between P-700 and some iron-sulfur center having a broad optical absorbance in the 400-to 550-nm region and a previously reported electron paramagnetic resonance signal with g = 1.78, 1.88, and 2.08. Spectral properties of the 1-msec decay component indicate photoinduced charge separation between P-700 and a chlorophyll a dimer having absorption bands at 420, 450, and 700 nm. It is assumed that these two acceptors participate in the electron transfer from P-700* to the bound iron-su fur proteins.
Since the discoveries of a spectral species, P-430, by flash-kinetic spectroscopy (1) and of chloroplast membrane-bound ironsulfur protein(s) by electron paramagnetic resonance (EPR) spectroscopy (2) as candidates for the primary electron acceptor in photosystem I in 1971, extensive investigations and developments on this subject have taken place. Currently available evidence based on kinetic (3-6) and spectral (7, 8) correlation and on correlation of their redox behavior (9-13) supports the identity of P-430 with an iron-sulfur protein. It was subsequently found, however, that some reversible photooxidation of the primary donor P-700 could still be observed even when the bound iron-sulfur proteins were chemically reduced prior to illumination (14, 15) . Under illumination, the chemically reduced photosystem-I particles yielded a new, reversible EPR signal (g values 2.08, 1.88, and 1.78), in parallel with the reversible P-700+ signal. These results pointed to the existence of an earlier electron acceptor, X, in photosystem I. In an attempt to determine the redox potential of this more primary acceptor, Ke et al. (16) performed a reductive titration over a range more negative than that of the bound iron-sulfur proteins and monitored the attenuation of the light-induced EPR signal of P-700+ at 15 K with decreasing potential. These experimental data also suggested the existence of a more primary acceptor, with a midpoint potential near -735 mV.
More recently, Sauer et al. (17, 18) investigated laser flashinduced P-700 absorbance changes in photosystem-I particles in which the acceptors were selectively reduced beforehand. With redox potentials more negative than that of the bound iron-sulfur proteins, more rapid decays of the P-700 absorbance change were observed. These results were interpreted in terms of two intermediary electron acceptors Al and A2: P-700-Al-A2-P-430.
In this note, we report spectroscopic and kinetic data obtained by optic and EPR spectroscopies which appear to substantiate and complement the proposal of two earlier electron acceptors in photosystem I. Our experimental evidence indicates that A2 is identical with X and is probably some kind of iron-sulfur center. Spectral properties of Al were found to correspond to that of a chlorophyll a (Chl a) dimer which can be reversibly reduced to an anion radical in the primary photoprocess of photosystem I.
MATERIALS AND METHODS Triton-fractionated photosystem-I subchloroplast fragments (TSF-I) were prepared according to ref. 19 . The TSF-I particles used in the present work had 1 P-700 molecule per 26 total chlorophyll molecules. Redox mediators have been described (16) . All chemicals were reagent grade wherever available. Unless otherwise stated, all TSF-I samples were poised at -625 mV to keep the bound iron-sulfur proteins in the reduced form. This negative potential was achieved by the reduction of two mediators, 1,1'-trimethylene-2,2'-dipyridylium dibromide and 1,1'-trimethylene-4,4'-dimethyl-2,2'-dipyridylium dibromide, by dithionite at pH 10 .0.
For light-induced absorption changes, a Phase-R model DL-1100 dye laser provided 300-nsec saturating light pulses at 590 nm with rhodamine 6G, at 650 nm with rhodamine 101, or at 710 nm with Nile blue perchlorate. The first two dyes were obtained from Exciton (Dayton, OH), and the third one from Lambda Physik (Gottingen, Germany). A Bausch and Lomb 500-mm monochromator was used to isolate the monochromatic measuring light for the single-beam spectrometer (20) . In measuring the absorbance difference spectra, bandwidths of 2.0-2.5 nm were used. For some kinetic measurements, interference filters were also used for isolating the measuring light, with the monochromator providing additional filtering before the detector. Slower light-induced absorption changes were also measured in a specially built dual-wavelength spectrophotometer (21) .
A red-enhanced wide-bandwidth silicon detector/preamp hybrid (SDC Corp., Newbury Park, CA) was used for detection in the red region, and an EMI 9558 photomultiplier was used for the blue region. 700+-P-700) spectrum (Fig. 1A) from the spectrum of ([P-700+-A-1 -[P-700-Al]) ( Fig. 2A) , assuming equal extinction coefficient for P-700 and Al at 700 nm. Dashed curve, spectrum of (Chl7 -Chl) in solution (data from ref. 22) . Wavelength scale for the latter spectrum is shifted to the red by 25 nm. 672, and 688 nm. This spectrum can be interpreted as due to P-700+ formation shown by the (P-700+-P-700) difference spectrum in Fig. 1A , plus, in addition, a blue shift of the narrow band near 450 nm and a development of bands near 670 and 690 nm. Thus, it is reasonable to assume that these latter absorbance changes are associated with the reduction of the acceptor A2, which occurs at -625 mV over a wide temperature range.
To verify this possibility, we measured the absorbance changes induced by continuous illumination at 4VC in TSF-I particles poised at -625 mV. Under these conditions, the rate of electron donation from the low-potential redox mediators present in the medium can become competitive with the recombination rate between P-700+ and A2 formed in the light, thus resulting in an accumulation of A- (7, 8) , as shown by the spectrum of the reversible light-induced absorbance changes in Fig. 1B . Note that no bleaching is observed at 700 nm, confirming that P-700 is maintained in its reduced state. The spectrum is further characterized by a broad bleaching in the 400-to 550-nm region and a bleaching of a narrow band near 710 nm, by a blue shift of the 422 nm band, and by a development of narrow bands at 672 and 688 nm. A broad bleaching in the blue-green region might be associated with the reduction of an iron-sulfur center, while the absorbance changes in the 450 and 670-to 720-nm regions are probably electrochromic shifts in the absorption spectrum of some chlorophyll molecules in TSF-I particles induced by the electric field of the reduced acceptor A-.
The spectral characteristics of these shifts, which are probably much more pronounced at 5 K, agree with those features of the 130-msec decay component shown in Fig. 1C , which are not ascribable to P-700+ formation (Fig. 1A) . Thus, the spectrum measured at 4°C in Fig. 1B most likely reflects the reduction of an iron-sulfur center, resulting from an extraction of an electron from P-700. Probably this electron-extraction process occurs over a wide temperature range between 5 and 277 K.
We have made a kinetic correlation between the optic signal of this acceptor and the EPR signal of the "iron-sulfur" center designated as X. Fig. 3A , top shows the light-minus-dark EPR spectrum at 9 K of TSF-I particles poised at -625 mV in the g = 1.78 region characteristic of X (14, 15) . The risetime of this EPR signal is limited by our instrument time resolution of 200 ,usec (Fig. 3A, middle) . The signal decay has a single component with t1/2 t 130 msec (Fig. 3A, bottom) , which agrees with the optic signal measured for the reversal of the (P-700+-A-) state (Fig. 1C) . These data are thus consistent with the assumption that A2 and X represent the same acceptor, probably an ironsulfur center.
The difference spectrum of the 710-nm laser pulse-induced absorbance-change component with a lifetime of 1.3 msec measured at -625 mV and 5 K is shown in Fig. 2A . § This spectrum is characterized by a bleaching near 425, 445, 645, 660, and 700 nm and by a development of broad bands in the 480 to 570-nm region and beyond 725 nm plus narrow bands near 480 and 672 nm. This spectrum differs from the (P-700+ -P-700) spectrum (Fig. 1A) by additional bleaching of the 445-nm band and a development of 480-and 672-nm bands. Instead of an absorbance increase near 400 nm usually observed in the P-700+ difference spectrum, there is an absorbance decrease.
As recently reported by Fajer and coworkers (22) , the development of two intense bands, one at wavelength slightly longer than the Soret band and the other at wavelength slightly shorter than the main red band of Chl a, is characteristic of the formation of the anion radical of the chlorophyll molecule (see dashed spectrum in Fig. 2B ). Therefore the development of bands near 480 and 670 nm ( Fig. 2A) possibly corresponds to the formation of Chl a-in TSF-I particles. The light-induced formation of chlorophyll anion radical in sodium dodecyl sulfate-treated photosystem-I particles has also been suggested recently [ref. 23 ; also see ref. 22 ].
Since in the red region of the spectrum of the 1-msec component ( Fig. 2A) there is an intense bleaching only near 700 nm, we are led to assume that it is composed of equal contributions from (P-700t -P-700) and (Chl a -Chl a). If the (P-700t -P-700) spectrum (Fig. 1A) is subtracted, we obtain the spectrum shown in Fig. 2B , which agrees very well with the (Chl aChl a) spectrum (Fig. 2B, dashed curve) except for a 23-nm red shift. We can account for this shift by assuming that the Chl a acceptor is actually dimeric since the bleaching at 420, 450, and 700 nm (Fig. 2B ) coincides with the absorption bands of Chl a dimer in solution reported by Fong et al. (24) . From the independent spectral evidence (22, 24) , we are led to assume that in TSF-I particles poised at -625 mV and at low temperature, the 1-msec decay component of the light-induced absorbance § We note that when a 65-nm laser pulse was used for excitation, formation of -1-msec triplet state of chlorophyll absorbing at 680 nm was observed, in agreement with previous work (13) . difference spectrum reflects a photochemical charge separation between P-700 and a ChI a dimer (acceptor Al).
To verify this assumption, we measured the EPR spectrum of TSF-I particles poised at -625 mV in the g = 2.00 region at 56 K (Fig. 3B ). In agreement with optic measurements, the kinetics of the EPR signal in this region also has two exponential-decay components with lifetimes of 1.3 msec (the lifetime of the 1-msec optic component is nearly constant in the 5-70 K region; see Fig. 4 ) and t100 msec (130 msec at 7 K). The EPR spectrum of the slow component corresponds to the spectrum of P-700t with a g-value of 2.0025 and a AH.. of 8-9 gauss (Fig. 3B) . The EPR spectrum of the 1-msec decay component is asymmetric, shifted to a higher g value (2.004 ± 0.0005) and has a AHPP of 10 gauss (Fig. 3B) . One may assume the latter spectrum is a composite of two radical signals, one of which is probably due to P-700t and the other to (Chl a)Y*2. However, the g value of (Chi a)-*2 in sitU is apparently higher than 2.004, whereas the g value of monomeric Chl a * in solution is 2.0029 (22) . On the other hand, it is not yet possible to present the pure EPR spectrum (ChI a) 2 because of a lack of information on the interaction of these two radicals in situ.
The temperature dependence of the lifetime of the fast optic component is shown in Fig. 4 . One can see that the lifetime is practically constant in the 5-70 K region and then sharply decreases with increasing temperature from 70 to 293 K (3 tisec at 293 K). The activation energy of this process is I1 kcal/mole. These data are in agreement with a similar observation reported recently in sodium dodecyl sulfate-treated photosystem-I particles (25) . These data suggest a tunneling mechanism for the recombination of P-700t and (ChI a) 2 at low temperatures.
Finally it should be noted that at -625 mV and low temperatures the risetime of X reduction is limited by our instrumental time constant of 200 ,usec (Fig. 3) . This implies that the 1-msec reaction of (ChI a) 2 is due to its recombination with P-700t rather than electron transfer to X. We therefore conclude that the 1-msec decay component seen in both optic and EPR measurements includes P-700t as well as (Chl a) 2. In other words, charge recombination between P-700+ and Al is observed in those reaction centers in which A2 (X) is either reduced or lost during preparation. It should also be noted that induction of A2 (X) (Fig. 1B) is accompanied by an electrochromic shift of the 450-and 700-nm bands, both of which can be assigned to the Chl a dimer molecule acceptor producing the anion radical but not to the donor P-700 (compare Figs. 1B  and 2B ). This suggests that X may be situated closer to (Chl a)2 than to P-700 and that the electron is transferred from P-700* to X through (Chl a)2.
